As silicon photovoltaics evolve towards thin-wafer technologies, efficient optical absorption for the near-infrared wavelengths has become particularly challenging. In this work, we present a solution that employs combined micro-and nano-scale surface textures to increase light harvesting in the near-infrared for crystalline silicon photovoltaics, and discuss the associated antireflection and scattering mechanisms. The surface textures are achieved by uniformly depositing a layer of indium-tin-oxide nanowhiskers on micro-grooved silicon substrates using electron-beam evaporation. The nanowhiskers facilitate optical transmission in the near-infrared by functioning as impedance matching layers with effective refractive indices gradually varying from 1 to 1.3. Materials with such unique refractive index characteristics are not readily available in nature. As a result, the solar cell with combined textures achieves over 90% external quantum efficiencies for a broad wavelength range of 460-980 nm, which is crucial to the development of advanced thin-substrate silicon solar cells.
Introduction
Efficient light harvesting plays a key role for solar cells, particularly in crystalline silicon photovoltaics, which now dominate over 80% of the world's production and are evolving towards thin-substrate technologies [1] [2] [3] . In conventional crystalline silicon solar cells, artificial micro-grooves suppress the optical reflection loss by introducing multiple reflections on the textures [4] , which also serve as light trapping structures by tilting the incident rays to increase the optical path length [5, 6] . However, this technique alone may not be sufficient when the wafer thickness is shrunk below 100 µm, as optical absorption in the infrared becomes particularly challenging [7] . Recent studies have shown that antireflective nanostructures can be tailored for optimal light harvesting, regardless of photon wavelengths, angles of incidence, and polarizations [8] [9] [10] [11] [12] [13] . The light trapping effect in nanoscale structures has also been demonstrated in thin film and nanowire solar cells [14] [15] [16] . Nevertheless, fabricating nanostructures on crystalline silicon risks an increase in the scattering and surface recombination losses. Moreover, the technologies required to combine both micro-and nanoscale surface textures and the associated advantages have yet been investigated. Herein, we demonstrate an electronbeam evaporation technique that can uniformly cover microtextured silicon solar cells with a layer of indium-tin-oxide (ITO) nanowhiskers. The nanowhiskers facilitate optical transmission in the near-infrared by functioning as impedance matching layers with a graded refractive index profile varying from 1 to 1.3. Materials with such unique refractive index characteristics are not readily available in nature. As a result, the solar cell with combined textures achieves over 90% external quantum efficiencies for a broad wavelength range from 460 to 980 nm, which improves significantly over a conventional reference.
Experimental details
Previously, we demonstrated the growth of distinctive indiumtin-oxide nanocolumns using oblique electron-beam deposition in an oxygen-deficient atmosphere [17, 18] . The growth involved a two-step process known as nucleation and column growth via surface diffusion [19] . We have found that the oblique incident vapor reduces the flux density of molecules on the surface which facilitates the separation and formation of nuclei. Moreover, the oxygen deficiency allows the segregation of tin-doped indium to form a liquid surface that promotes the absorption of incident vapors, resulting in vertical column growth. The self-catalytic vapor-liquid-solid growth mechanism dictates the structural and material properties of the indium-tin-oxide nanostructures [20, 21] . Such a deposition technique can be directly applied to conventional silicon solar cells without tilting the substrate, as the alkaline-solutionetched textures naturally form a tilted surface at 54.7
• . In this work, the fabrication of solar cells follows standard procedures. First, p-type Si 100 wafers were etched by a potassium hydroxide solution (KOH:H 2 O = 1:1) at 80
• C for 40 min for saw damage etch and texture etch. The microscale surface textures formed a tilted angle of ∼50.5
• with respect to the horizontal plane. Next, a 500 nm thick n-type layer was created on the textured surface by phosphorus diffusion using POCl 3 in a Centrotherm tube furnace at 850
• C for 1 h, forming the p-n junction interface. The surface was then passivated with an 80 nm thick SiN x layer, which was deposited in a Centrotherm direct-plasma PECVD furnace at 400
• C for 30 min. The front and back metallization were screen-printed with conductive pastes using a semi-automatic printer (ATMASC 25PP). The indium-tin-oxide nanowhiskers were then deposited using electron-beam evaporation before contact firing. The nanowhiskers were deposited on the microgrooved surface using electron-beam evaporation. The target source contained 5 wt% SnO 2 and 95 wt% In 2 O 3 . At the beginning of the evaporation, the chamber pressure was first pumped down to ∼10 −6 Torr, followed by the introduction of a nitrogen flow rate at 1 sccm. During growth, the chamber was stabilized at 260
• C and ∼10 −4 Torr with a deposition rate of 0.15 nm s −1 for deposition times of 9, 27, and 45 min. The electrode co-firing step was performed in a fast-firing belt furnace at a peak temperature of 800
• C. Finally, the edge isolation was achieved using a 532 nm Nd:YAG laser. The fabricated device has an area of 2.3 × 3.5 cm 2 . However, the deposition technique has proven to be uniform up to an area of 10 × 10 cm 2 . The reflectance and haze ratio was measured by UV-VIS-NIR spectrophotometer (Hitachi U-4100). The current-voltage characteristics of fabricated solar cells were performed under a simulated AM1.5G (Air Mass 1.5, Globe) illumination condition. The power conversion efficiency (PCE) measurement system consisted of a power supply (Newport 69920), a 1000 W Class A solar simulator (Newport 91192A) with a Xe-lamp and an AM1.5G filter, a probe stage, and a source-meter (Keithley 2400) with a four-wire mode. The spectrum of the solar simulator was measured by a calibrated spectroradiometer (Soma S-2440) in the wavelength range of 300-1100 nm. A mono-crystalline silicon reference cell (VLSI Standards, Inc.) was used for solar simulator calibration before measurement [22] . The mismatch factor (M) was 0.9965, calculated using the spectral response of the reference cell and the cell under test, the spectrum of the solar simulator, and the ASTM G173-03 reference spectrum [23, 24] .
Results and characterization
As can be seen in figure 1(a), the scanning electron micrograph (SEM) shows that the textured surfaces are uniformly covered with whisker structures on all sides, down to the grooves, which is also revealed by the cross-sectional SEM image shown in figure 1(b). Photographs taken for devices with the conventional antireflection treatment of an 80 nm thick SiN x coating on the micro-grooves and with ITO nanowhiskers grown for 27 min are shown in figures 1(c) and (d), respectively. By comparing figures 1(c) and (d), we note that the cell with the whisker structures appears nearly black, in contrast to the blue surface of the reference device, due to reduced optical reflection for visible wavelengths.
The reflectance characteristics depend highly on the profiles, heights, and densities of ITO nanostructures. With different deposition conditions, the microscale grooves could be uniformly covered with nanocolumns or nanowhiskers of various densities.
Figures 2(a)-(c) show the crosssectional SEMs of ITO nanostructures grown on passivated, micro-textured silicon substrates for 9, 27, and 45 min. The corresponding tilted top-view images are shown in figures 2(d)-(f), respectively. For a short deposition time of 9 min, randomly oriented nanocolumns are formed with an average thickness of ∼200 nm. The density and thickness are relatively low compared to structures that are grown for a longer time. When increasing the deposition time, the columns stop growing vertically at a height of ∼720 nm, and become thicker with branches appearing on their sides. Further increases in deposition time give rise to denser whisker structures with multiple branches, as shown in figures 2(c) and (f). The respective reflectance spectra of the devices in figure 2 are plotted in figure 3(a) . The spectra were measured by an integrating sphere, which included the specular and diffuse components of optical reflection, corresponding to the zeroth and higher-order optical diffractions respectively [25] . We note that the specular reflection of micro-textured silicon substrates is generally minimized due to a strong optical absorption. Therefore, the reflection loss measured by the integrating sphere is dominated by backward scattering. As seen in figure 3(a) , the nanocolumns grown for 9 min exhibit low reflection in the ultraviolet/blue wavelengths, but relatively high reflection in the near-infrared. Such characteristics are opposite to the dense whiskers grown for 45 min. In general, the antireflective properties of uniformly distributed nanostructures are best described by the effective-medium theory, where the constitutive air volume depicts the material dispersion [26] [27] [28] [29] . Predictably, a growth period of between 9 and 45 min could result in low reflection for both short and long wavelengths, which is confirmed by nanowhiskers grown for 27 min. In order to compare the modified surface structures with existing technology, figure 3(b) shows the reflectance spectra of a bare textured silicon substrate, the same substrate with an 80 nm thick SiN x antireflection coating, and with both 80 nm thick SiN x (for passivation) and ITO nanowhiskers grown for 27 min. As seen in figure 3(b) , the first two have a relatively high reflectance in the ultraviolet and near-infrared wavelength ranges, while the reflectance for the ITO nanowhiskers is significantly reduced (<5%) from 350 to 1200 nm.
An analytical or numerical optical model that simultaneously describes the optical properties of nanostructures on micro-textures is difficult, as the geometric dimensions span over three orders of magnitude. It is generally accepted that ray-tracing is applicable to micro-textures as the dimensions involved are at least one order of magnitude larger than the incident photon wavelengths. Therefore, the optical properties of micro-textures can be understood using geometric optics with a tilted surface normal [30, 31] . Under this simplification, the optical characteristics of ITO nanowhiskers can be further investigated by oblique deposition (at 55
• ) on a flat substrate, where both ITO film coated glasses and flat silicon substrates are used. Using the previously described deposition conditions, the resulting structures are very similar to those shown in figure 2 , as the growth mechanism depends little on the substrate type. The optical haze ratio, defined as the diffused transmittance to the total transmittance is plotted in figure 4 for three different deposition times: 9, 27, and 45 min. The diffused transmittance is a direct result of forward scattering due to surface roughness [32, 33] . As shown in figure 4 , the nanowhiskers show marked haze ratios for wavelengths up to 600 nm, which can be correlated to the surface morphology. The strong forward scattering is favorable in thin silicon photovoltaics due to the increase in optical absorption path lengths for the visible light. For comparison, a referenced ITO film has haze ratios between 1% and 0.1%, indicating very little diffuse transmission induced by the film. Moreover, the haze ratio is nearly negligible for wavelengths >600 nm, implying that the nanowhisker layer behaves as a thin film for long wavelengths. Accordingly, an optical model based on ellipsometry characterization is established in order to reveal the thin film behavior of the nanowhisker layer. Figure 5 (a) shows the spectral reflectance of ITO nanowhiskers grown for 27 min on a flat silicon substrate with an 80 nm thick SiN x passivation layer for s-and p-polarized light incident at 30
• , as illustrated in the inset. Without the micro-grooves, the specular reflection is large enough to be detected. As seen in figure 5(a) , the reflectance is less than 10% from the 600 to 1100 nm wavelengths, and also relatively polarization-insensitive. Model calculations based on ellipsometry analysis are also plotted for comparison. The optical model can well describe the nanowhisker behavior for wavelengths larger than 600 nm at various angles of incidence and for both polarizations. Discrepancies only arise for shorter wavelengths due to increased scattering. Figure 5(b) shows the calculated optical model at 600 nm wavelength obtained by fitting the spectroscopic ellipsometry results over a spectral range of 600-2000 nm at five angles of incidence (55
• , 60
• , 65
• , 70
• , and 75
• ). The model fitting is carried out using a commercial implementation WVASE32 (J A Woollam Co.), where the nanowhisker layer is modeled as a graded index layer with varying porosities along the vertical direction using an effective-medium approximation (EMA) [34] . The horizontal axis represents the thickness of layers deposited on the flat silicon substrate, where the origin is chosen to be at the silicon/SiN x interface. The silicon substrate and the SiN x passivation layer, denoted as layers A and B in figure 5(b) respectively, are separately characterized for thicknesses and dispersion relations, and therefore are directly inserted into the model. Figure 5 (b) reveals that the nanowhisker layer is optically equivalent to a stack of two dielectric layers: the bottom one with a constant refractive index of 1.45 (layer C), and the top one with graded refractive indices varying from 1.0 to 1.3 (layer D). We note that the attenuation coefficient shown in figure 5(b) is higher than that of an ITO thin film ∼0.003 and could be overestimated, presumably arising from the scattering loss. However, the ITO material indeed has a parasitic absorption for wavelengths below 400 nm which impacts the solar cell characteristics slightly [35] . The variableangle spectroscopic ellipsometry analysis is consistent with the SEM observation as the bottom nanowhiskers contain randomly positioned nucleation cores and short rods with assorted dimensions and therefore should be relatively dense. On the other hand, the top whisker structures are relatively airy, and the graded index profile may result from the gradual change of the air volume ratio though out the structures, as seen in figure 2(b) . The graded and step refractive index profiles shown in figure 5(b) facilitate optical transmission, with the nanowhiskers functioning as impedance matching layers between air and semiconductors to improve the optical absorption of the crystalline silicon solar cells for wavelengths above 600 nm.
The current-voltage characteristics of silicon solar cells with an 80 nm thick SiN x antireflection coating and with both SiN x and ITO nanowhiskers (27 min), denoted as the reference cell and the whisker cell respectively, are summarized in table 1. The nanowhisker structures increase the shortcircuit current density by an additional 1.52 mA cm −2 , and the power conversion efficiency by 1.1%.
As seen in figure 6 , such an improvement is mostly contributed to by enhanced photoelectric conversion for wavelengths larger than 600 nm. The external quantum efficiency (EQE) achieves more than 90% for a broad wavelength range from 460 nm to 980 nm, showing a significant improvement over the conventional reference. However, the high quantum efficiency in the near-infrared could have resulted from either or both, efficient optical absorption and effective carrier collection. Therefore, we have confirmed that the improvement solely arises from the former due to nearly identical internal quantum efficiency (IQE) spectra, obtained by dividing the Figure 6 . The measured external quantum efficiency (EQE) of a conventional silicon solar cell (the reference) and the cell with indium-tin-oxide nanowhiskers grown for 27 min (the whisker cell). EQE with the absorption spectra calculated from figure 3(b).
Although the solar cell with combined textures is implemented on a relatively thick substrate (230 µm), the absorption enhancement due to antireflection in the near-infrared is already evident. The light trapping effects should be further investigated in thin-wafer cells.
Conclusion
In conclusion, we demonstrate a viable solution to enhance near-infrared light harvesting using combined micro-and nano-scale surface textures on a crystalline silicon solar cell. The broadband optical transmission is facilitated by indiumtin-oxide nanowhisker structures which serve as impedance matching layers between air and semiconductors. As a result, the solar cell with combined textures achieves over 90% external quantum efficiencies for a broad wavelength range from 460 to 980 nm. The nanowhiskers also provide strong forward scattering for ultraviolet and visible light, which is crucial in thin-wafer silicon photovoltaics to increase the optical absorption path.
